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Structural Dynamics of Calcium Transport Proteins Detected by Satura-
tion Transfer Electron Paramagnetic Resonance
Jesse E. McCaffrey, Zachary M. James, Kurt D. Torgersen,
Christine B. Karim, Edmund C. Howard, David D. Thomas.
University of Minnesota, Twin Cities, Minneapolis, MN, USA.
We have used conventional and saturation transfer electron paramagnetic res-
onance (EPR) to probe the structural dynamics of the integral membrane pro-
tein phospholamban (PLB), as a function of phosphorylation and the presence
of its regulatory target, the sarcoplasmic reticulum calcium ATPase (SERCA).
Our goal is to elucidate the mechanism of SERCA inhibition by PLB, which is
needed for the rational design of therapies to improve calcium transport in mus-
cle cells. We used the monomeric mutant AFA-PLB with the rigid electron spin
label TOAC incorporated at position 36 in the transmembrane domain, and re-
constituted the protein in lipid vesicles. EPR experiments were performed to
determine the nanosecond (conventional EPR) and microsecond (saturation
transfer EPR) rotational motions of PLB, as modulated by phosphorylation
of PLB at serine 16 (pPLB), and/or addition of excess SERCA. Neither SERCA
binding nor PLB phosphorylation caused significant changes in conventional
EPR spectra of PLB, indicating no effect on the nanosecond flexibility of
PLB’s transmembrane domain. However, saturation transfer EPR found that
addition of SERCA caused a large decrease in microsecond rotational motion
for both PLB and pPLB. Phosphorylation of PLB caused no effect in the ab-
sence of SERCA and only slight mobilization in the presence of SERCA. These
results indicate that both PLB and pPLB bind to SERCA, and PLB phosphor-
ylation only slightly increases the flexibility and/or the dissociation constant of
the SERCA-PLB complex. Therefore, PLB phosphorylation relieves SERCA
inhibition primarily by changing the structural dynamics of the SERCA-PLB
complex, not by dissociation of the complex. This work was funded by grants
from NIH (R01 GM27906 and T32 AR007612).
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Time-Resolved Fluorescence and Molecular Modeling of FITC-Labeled
Ca-ATPase
Joseph M. Autry, John E. Rubin, Bengt Svensson, Ji Li, David D. Thomas.
University of Minnesota, Minneapolis, MN, USA.
We have detected structural dynamics in the nucleotide-binding domain of the
Ca-ATPase (SERCA) using fluorescence spectroscopy and molecular model-
ing. SERCA in sarcoplasmic reticulum (SR) vesicles was selectively labeled
with fluorescein isothiocyanate (FITC), an affinity probe that specifically reacts
with Lys-515 in the nucleotide-binding site. FITC-labeled SERCA enters the
phosphorylated ‘‘E1P-like’’ conformation with low probe fluorescence
(~50% intensity) when SR vesicles are loaded with calcium using acetyl phos-
phate as the energy source, followed by chelation of extravesicular calcium to
halt enzyme cycling. Here we compared FITC-SERCA in the unique low fluo-
rescence state (E1P-like) with conformations that show high probe fluores-
cence: calcium-free (E2), calcium-bound (E1), and actively-cycling
phosphoenzyme (EP). Direct waveform recording (DWR) and time-
correlated single photon counting (TCSPC) were used to measure fluorescence
emission decay and time-resolved anisotropy. Iodide quenching and detergent
solubilization were used to examine FITC accessibility and SERCA oligomer-
ization. Spectroscopy results indicate that FITC-SERCA in the E1P-like state
shows increased probe dynamics, decreased probe accessibility, and decreased
SERCA oligomerization in comparison to high fluorescence states (E2, E1,
EP). Molecular modeling of protein and probe conformation identified Phe-
487 in the nucleotide-binding domain as a critical residue involved in FITC
binding, contributing to the high specificity of labeling for SERCA. Phe-487
also serves as the key residue that ‘stacks’ with the adenine moiety of ATP
bound to unlabeled SERCA. We combine fluorescence data and modeling re-
sults to propose a structural mechanism for ADP release following ATP hydro-
lysis and E1P formation by SERCA. This work was funded by grant from NIH
to DDT (R01 GM27906).
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Quantification of Calcium Pump Structure Changes in Live Celss
Zhanjia Hou1, Zhihong Hu1, Daniel J. Blackwell1, Tyler D. Miller2,
David D. Thomas2, Seth L. Robia1.
1Loyola University Chicago, Maywood, IL, USA, 2University of Minnesota,
Minneapolis, MN, USA.
The sarcoendoplasmic reticulum ATPase (SERCA) is a calcium pump that un-
dergoes conformational changes during catalytic cycling. To investigate
SERCA structure changes in living cells we fused Cerulean to the A-domain
and YFP to the N-, P- or TM-domain of SERCA2a and expressed these ‘‘2-color’’ SERCA constructs in AAV-293 cells. 2-color SERCA constructs
were catalytically active as shown by ATPase activity in vitro and Ca uptake
in live cells. Specifically, the transport activity of 2-color SERCA blunted
IP3-mediated Ca transients and increased the size of the Tg-releasable Ca
stores. Both of these effects were reversed by coexpression of exogenous phos-
pholamban (PLB), suggesting that 2-color SERCA function and regulation
were intact. All of the constructs exhibited dynamic FRET changes in response
to the pump ligands Ca and thapsigargin (Tg). The Tg-dependent conforma-
tional change was not decreased by coexpression of PLB, nor did PLB slow
the kinetics of Tg-binding. Notably, FRET in ionophore-permeabilized cells
was higher with saturating calcium than with EGTA in the extracellular solu-
tion. This suggests a decrease in domain separation distance with the structure
transition from E2 (Ca-free) to E1 (Ca-bound). The data are consistent with clo-
sure of the cytoplasmic headpiece with Ca-binding. These 2-color SERCA con-
structs provide insight into the structural dynamics of Ca transport and may also
be useful for evaluating candidate small molecule regulators of Ca uptake
activity.
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Dynamic Conformational Transitions of Sarcoendoplasmic Reticulum
Ca-ATPase (SERCA) Quantified by Single Molecule FRET
Sandeep Pallikkuth, Seth L. Robia.
Loyola University Chicago, Maywood, IL, USA.
We present here the measurement of dynamic transition of SERCA among its
various conformational states during its Ca pumping cycle. This is achieved by
monitoring single-molecule FRET (smFRET) between fluorescent proteins
fused to the N and A domains of SERCA. We observe fluctuations in the
FRET efficiency by measuring the changes in the fluorescence lifetime of the
donor fluorescent protein as a function of time as detergent solubilized SERCA
single molecules transit through the laser excitation spot. Making histograms of
these FRET efficiency fluctuations, we detected multiple discrete FRET levels
indicating different conformational states. The mean FRET efficiency values
determined from the histograms are used to assign conformational states of
SERCA to the FRET efficiency time trajectories. The fluctuations in these
time trajectories then provide us the timescales of the transition of SERCA be-
tween its different conformational states. We detect fast transitions (ms) be-
tween the long lived (ms) conformational states of SERCA. We also measure
decrease in these transition timescales in the presence of Ca. This information
provides new insight to the structural dynamics of SERCA during the Ca trans-
port cycle.
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Fluorescence and Functional Measurements of Phospholamban Mutant
Competition
Simon J. Gruber, Suzanne Haydon, David D. Thomas.
University of Minnesota, Minneapolis, MN, USA.
Ca2þ cycling through the SR in muscle cells is largely controlled by the Ca-
pump (SERCA). SERCA transports Ca2þ into the SR, allowing muscles to re-
lax, and is inhibited by phospholamban (PLB) at submicromolar [Ca2þ]. PLB
inhibition can be relieved by adrenergic stimulation, leading to PLB phos-
phorylation. Heart Failure (HF), which contributes to 12% of US deaths,
can be caused by a variety of genetic or environmental factors, but a common
symptom is decreased SERCA activity. Several potential therapies for HF aim
to increase SERCA activity, including overexpression of the enzyme via
rAAV gene therapy. We are investigating the possibility of using LOF-PLB
mutants (PLBM) as alternative gene therapy vectors to increase Ca-ATPase
activity. We have used FRET and FLIM to measure quantitatively measure
the ability of several PLBM to compete with WT-PLB to bind to SERCA
and activate it. Experiments in living HEK cells examine the ability of
PLBM to compete with WT-PLB, thus rescuing SERCA activity. Active hu-
man SERCA2a and WT-PLB, tagged with fluorescent proteins (e.g., CFP
and YFP), are co-expressed in stable cell lines followed by transient co-
expression with PLBM. The effects of PLBM on Ca-ATPase activity and
FRET are measured to determine the mutant’s ability to compete with
PLBW, both physically and functionally. Optimal mutants are being tested
in a rat model of heart failure.
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Physical and Functional Interaction of Membrane Proteins Modulated by
Electrostatic Interactions with Membrane Surface Charge
Ji Li, Zach James, Christine B. Karim, Daphne Dong, David D. Thomas.
University of Minnesota, Minneapolis, MN, USA.
We control the physical interaction and thus functional regulation between in-
tegral membrane protein phospholamban (PLB) and sarcoplasmic reticulum
710a Wednesday, February 29, 2012Ca-ATPase (SERCA) through adjusting the membrane surface charge. We
used EPR to measure the backbone dynamics of TOAC spin-labeled PLB,
time-resolved (TR) FRET to measure the interprobe distance between the do-
nor IAEDANS in SERCA and the acceptor Dabcyl in PLB, and NADH-linked
ATPase assay to measure PLB’s inhibitory function. The cytoplasmic domain
of PLB has a net charge of þ3 under physiological conditions. When free or
bound to SERCA in lipid vesicles, PLB is in equilibrium between an ordered
T state and a dynamically disordered R state, as measured by EPR. TR-FRET
resolved two interprobe distances between SERCA and PLB. Compared to
zwitterionic lipids (DOPC), anionic lipids (DOPS or DOPG) increased the
population of the T state, which has the longer interprobe distance between
SERCA and PLB, and the inhibition of SERCA’s ATPase function. Cationic
lipids (DOEPC or DOTAP) decreased the T state population and SERCA in-
hibition. We conclude that electrostatics can tune the structural and functional
dynamics of PLB. The ordered T state is oriented closer to the membrane sur-
face, resulting in a longer SERCA-PLB interprobe distance, and is more in-
hibitory. The disordered R state is oriented away from the membrane
surface, resulting in a shorter SERCA-PLB interprobe distance, and is less in-
hibitory. Modulating the membrane surface charges provides a new way of
investigating the correlation between internal structural dynamics and func-
tion of membrane proteins.
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Phospholamban does not Interact with E2 Intermediates of the Cardiac
Calcium Pump Stabilized by Metal Fluorides
Zhenhui Chen, Larry R. Jones.
Indiana University, Indianapolis, IN, USA.
The phospholamban (PLB) monomer binds in the groove betweenM2, M4, and
M9 of the cardiac calcium pump (SERCA2a) and inhibits enzyme activity. We
previously demonstrated that cross-linking of PLB with engineered Cys-
residues to this region is prevented by micromolar Ca, but is stimulated by
the nucleotides ATP or ADP. We proposed that PLB inhibits the catalytic ac-
tivity of the enzyme by stabilizing a unique, nucleotide bound, Ca-free interme-
diate of SERCA2a (E2ATP). Stabilization of E2ATP prevents Ca binding at
the high affinity Ca binding sites and formation of E1, thus blocking the kinetic
cycle. To further test our model, we have now checked if PLB interacts with
other E2 conformations, notably, SERCA2a with the bound metal fluorides
(MgF4
2-, AlF4
-, or BeF3
-), which mimic the E2Pi, E2P, and E2-P states, re-
spectively. Interactions between PLB and SERCA2a were examined by
cross-linking of N30C-PLB to K328 of WT-SERCA2a at the cytoplasmic ex-
tension of M4 and of V49C-PLB to V89C-SERCA2a at the C-terminal end of
M2. Insect cell microsomes co-expressing N30C-PLB/SERCA2a or V49C-
PLB/V89C-SERCA2a were first incubated with the metal fluorides in
Ca-free buffer, and then subjected to chemical cross-linking. All these metal
fluorides prevented cross-linking of PLB to SERCA2a at both the cytoplasmic
and transmembrane regions, suggesting that PLB does not interact with E2Pi,
E2P, and E2-P formed in the absence of nucleotide. Remarkably, however, the
cross-linking of PLB to SERCA2a was completely restored upon addition of
3mM ATP, allowing formation of E2ATP. These results strongly support
our model in which E2ATP is the single conformation binding PLB, and fur-
ther suggest that the binding interaction between E2ATP and PLB is very
strong, sufficient to prevent formation of E2Pi, E2P, or E2-P, even when sta-
bilized by metal fluorides.
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Interaction of SERCA with the Transmembrane Domain of Phospholam-
ban Measured by FRET in Live Cells
Philip A. Bidwell, Seth L. Robia.
Loyola University Chicago, Maywood, IL, USA.
Phospholamban (PLB) is the key regulator of the SERCA calcium pump. Pre-
vious quantitative fluorescence resonance energy transfer (FRET) measure-
ments between Cerulean-SERCA and YFP-PLB have shown that calcium
and thapsigargin reduce the affinity of the PLB-SERCA binding interaction.
Though a structure change in the regulatory complex would account for this re-
duced affinity, we detected no change in FRET distance. We hypothesized that
in the presence of calcium the transmembrane domain of PLB moves to a sec-
ondary site on SERCA without altering the positions of the PLB cytosolic do-
main or fluorescent protein fusion tag. To test this hypothesis, we engineered
a truncated PLB construct (tmPLB) composed of a fluorescent protein fused
to the transmembrane domain of PLB (residues 28-52). We observed FRET
from Cerulean-SERCA to YFP-tmPLB, but with a significantly longer FRET
distance compared to full-length PLB. SERCA-tmPLB FRET was not signifi-
cantly changed by saturating concentrations of calcium or thapsigargin. Nota-bly, we did not detect inhibition of SERCA by YFP-tmPLB using an in-cell
calcium uptake assay, even though other groups have previously shown that
the PLB transmembrane domain can inhibit SERCA activity. In addition, olig-
omerization of the tmPLB was detected by intrapentameric FRET. Compared
to full-length PLB, the oligomerization affinity of tmPLB was normal, but
we measured a shorter FRET distance as a result of deletion of the cytoplasmic
domain. The results demonstrate that tmPLB retains some normal protein-
protein interactions despite its apparently anomalous interaction with SERCA.
Taken together, the results suggest a non-inhibitory binding interaction be-
tween YFP-tmPLB and SERCA, perhaps as a result of steric hindrance by
the YFP fusion tag. It is also possible that the truncated PLB binds selectively
to a non-inhibitory site on SERCA. Experiments are underway to address these
unresolved questions.
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Evidence of Direct Binding of G-Actin and Calmodulin to PMCA by Sur-
face Plasmon Resonance
Marianela G. Dalghi1, Marisa M. Fernandez2, Emilio L. Malchiodi2,
Emanuel E. Strehler3, Juan Pablo Rossi1.
1Iquifib, Capital Federal, Buenos Aires, Argentina, 2Idehu, Fac. Farmacia Y
Bioquimica, Capital Federal, Buenos Aires, Argentina, 3Dept. of
Biochemistry and Mol. Biology, Mayo Clinic College of Medicine,
Rochester, MN, USA.
Previous studies of our laboratory suggest that the main isoform of the plasma
membrane calcium ATPase (PMCA) from erythrocytes, PMCAh4b, associates
with the actin cytoskeleton and its catalytic activity can be regulated through
this interaction. Apparently, G-actin and/or short oligomers enhance the cata-
lytic activity of the pump, while F-actin seems to inhibit it. To further explore
the interaction between PMCA and G-actin, we performed binding experiments
based on Surface Plasmon Resonance technology (SPR) using purified
PMCAh4b from erythrocytes and purified rabbit muscle G-actin on a BIAcore
T100 system. Our strategy consisted in immobilizing G-actin to the sensor chip
surface while PMCA constituted the analyte (125 nM to 2 mM). The sensor-
grams obtained showed an increase in the response as a function of PMCA con-
centration with a saturable binding. The unspecific binding values were
subtracted from the response obtained in the control flow cell (without immo-
bilized G-actin). The apparent KD (1.25 mM) was determined by kinetic anal-
ysis with parameters kon (1.3350.07) 104 M-1s-1 and koff (1.6650.03)
10-2 s-1.
Conversely, we immobilized PMCAh4b to the sensor chip surface. The analy-
tes were (i) G-actin (0.6 to 5 mM) or (ii) Calmodulin, a known activator of
PMCAh4b (1.8 to 15 nM). Results show that G-actin binds to the activated sen-
sor with KD=3mM, kon (2.9850.45) 104 M-1s-1 and koff (8.9850.67) 10-2
s-1 and calmodulin binds with an apparent KD of (1.1450.6) 10-8 M. This
last value agrees with the known value of calmodulin binding affinity deter-
mined by other methods.
These results show a specific and high apparent affinity binding between
PMCA and G-actin and reveal the usefulness of SPR technology to determine
binding constants between small molecules and a large membrane protein
like the plasmatic calcium pump. With grants of ANPCYT/CONICET/
UBACYT.
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Conformational changes in the First Transmembrane Helix of the
HD-ATPase, AHA2, during HD Transport
Bassem Gayed, Joshua R. Berlin.
UMDNJ-New Jersey Medical School, Newark, NJ, USA.
Conformational changes in the first transmembrane alpha helix of the Arabi-
dopsis Hþ pump, AHA2, were studied with a cysteine scanning mutagenesis
technique when the enzyme was expressed in Saccharomyces. Cysteine-
reactive compounds, including N-ethylmaleimide (NEM), fluorescein malei-
mide (FM), positively (MTSET) and negatively charged methanethiosulfonate
(MTSES) reagents, were applied to intact yeast that were actively respiring
(non-starved) or cultured overnight at 4C in glucose-free media (starved).
When yeast were exposed to FM, extracellular accessibility of substituted cys-
teines was determined by measuring fluorescent protein on PAGE gels. In
respiring yeast, FM bound only to residues predicted to be in the extracellular
1-2 loop of AHA2; however, in starved yeast, FM binding was observed at
residues predicted to be in the extracellular 1-2 loop and deep within the first
transmembrane alpha helix, down to residue 73. Pre-incubation with other
cysteine-reactive agents showed that MTSET only bound to residues in the
extracellular 1-2 loop and MTSES did not bind at all in this area of the en-
zyme. These results suggest that the conformation of the first transmembrane
